Background: Limited information exists regarding predictors of general quality of life following anterior cruciate ligament
T
here is sparse literature regarding the prognosis and predictors of anterior cruciate ligament (ACL) reconstruction outcomes at six years as measured by validated patient-based outcome instruments and assessed by multivariable analysis. Knowing prognostic information would be valuable in physician counseling of patients considering ACL reconstruction.
Large sample sizes with adequate follow-up are necessary for such analysis. A previously published randomized controlled trial had an enrollment of 225 patients 1 , which limits risk factor analysis. A previous cohort study utilizing multivariable analysis was limited by 69% follow-up and the lack of baseline measurements of the outcomes 2 , which are important to adjust for, as they are often the strongest predictor of follow-up scores.
The Short Form-36 (SF-36) is a widely used measure of general quality of life. It allows for comparison across different disease categories; therefore, normative-based scoring converts the scores such that they have direct interpretation related to the general United States population, with a mean score (and standard deviation) of 50 ± 10 points. Hence, a 1-point change in a score is one-tenth of a standard deviation or an effect size of 0.10 3 . The Short Form-6 dimension (SF-6D), a preferencebased utility measure, can be calculated from the SF-36, allowing the calculation of quality-adjusted life years (QALYs) 4 . Previous studies utilizing the SF-36 in athletic populations have compared domain scores, ranging from 0 to 100 points, to normative values, which do not as easily lend themselves to interpretation, but have not reported normative-based scores 5, 6 . The eight subscales of the SF-36 can be collapsed into two components, the Physical Component Summary (PCS) score and the Mental Component Summary (MCS) score. The use of the PCS and MCS has been advocated for large studies, particularly when there is a focus on the general effect on health 7 .
The aim of the current study was to determine the prognosis and predictors of health-related quality of life as measured by the SF-36 at two and six years after surgery as well as the utility gained following ACL reconstruction as measured by the SF-6D. These results should aid evidence-based decision-making as related to a patient's prognosis following ACL reconstruction, should provide a high level of evidence for surgeon decisionmaking, and should have the potential to identify future modifiable risk factors that could be altered to improve outcomes of ACL reconstruction. Furthermore, the improvements in health-related quality of life and utility according to the SF-6D should provide justification for expenditures related to patients with ACL injuries.
Materials and Methods

Study Population
T he Multicenter Orthopaedic Outcomes Network (MOON) Knee Group began on January 1, 2002, as a consortium of six sites with eight surgeons with the aim of prospectively enrolling and following subjects undergoing ACL reconstruction. Vanderbilt University served as the data-coordinating center for the study and was responsible for entering baseline data and for collecting follow-up data on all subjects. Institutional review board approval was obtained from all participating centers. All subjects who had undergone ACL reconstruction at participating sites in 2002 through 2004 (from January 1, 2002, to December 31, 2004 ) were invited to enroll in the study (Fig. 1 ).
Data Sources
Following documentation of written informed consent, participants completed a thirteen-page questionnaire that has been described previously 8 . Regarding the thirteen-page questionnaire, the SF-36 was used as a measure of general health. The SF-6D can be calculated from the SF-36, allowing the calculation of QALYs 4 . This questionnaire was completed before the day of surgery in the vast majority of cases; otherwise, it was completed within two weeks following the surgery date. If it was completed following surgery, subjects were instructed to complete it from the preoperative perspective.
Surgeons completed a forty-nine-page questionnaire that has been described previously 9 . Meniscal injuries were classified by size, location, and type of tear (partial or complete), and treatment was recorded as not treated, repaired, or the extent of resection 10 . All patients were given standardized evidence-based guidelines for ACL reconstruction rehabilitation 11, 12 .
Study End Points
The eight SF-36 domain scores and the two component summary scores were measured longitudinally at follow-ups of at least two and six years. The PCS and MCS were the primary end points used for multivariable modeling. Subjects could contribute either two-year or six-year end points or both. Lastly, the utility gained at six years using the SF-6D was calculated.
Statistical Analysis
Multivariable analysis is necessary to see not only how different factors influence outcome but also what the relative strength of the association is. In evaluating the ACL-injured knee, associated meniscal tears and articular cartilage injury cannot be randomized. Therefore, a prospective cohort is the preferred design. Further, because these injuries are often induced at the same time as the ACL injury, a natural experiment has occurred given that a proportion of the ACL injuries will have concomitant intra-articular damage and others will not. In cohort studies, where variables cannot be randomly and equally distributed, multivariable analysis is the only way to account for uneven distributions of factors and potential confounders 13 . Risk factors likely to be relevant to ACL reconstruction outcomes include age, sex, mechanism of injury, body mass index (BMI), concomitant medial and lateral meniscal tears and treatment, articular cartilage injuries and treatment, ACL reconstruction technique, and graft choice 14 . Multivariable analysis was used to determine which baseline variables measured at the time of the index ACL surgery were significant predictors of healthrelated quality of life at two and six years after surgery. Longitudinal analysis was performed with use of proportional-odds ordinal logistic regression to fit a single model for the two-year and six-year end points 15 . We used the Huber-White cluster sandwich estimator to adjust the variance-covariance matrices to correct for correlated responses from two observations on the same patient 16 .
The proportional-odds model makes fewer distributional assumptions than ordinary regression. The subscales of the SF-36 as well as the component summary scores were the dependent variables, and one model was fit for each. The independent covariates in the models included the baseline measure of the outcome, patient age, sex, race, education level, smoking status, BMI, activity level as assessed with use of the Marx activity rating scale 17 , the patient-reported primary sport and competition level, the surgeon's years of experience, the year of surgery, the follow-up time since surgery, whether the patient had a previous ACL reconstruction on the contralateral knee, whether the surgery was a revision, graft type, degree of damage to the cartilage, meniscal pathological condition and treatment, and whether the hoop stress fibers of either meniscus were disrupted. Missing data were imputed and continuous covariates (e.g., age) were modeled with use of splines to permit nonlinear relationships (see Appendix).
Nomograms were constructed to display the relationships between predictor variables and the outcomes, based on the fitted models. A nomogram can be used to estimate the mean response for individual patients and to show the relationship among the different predictor variables and how this affects the response.
Statistical analysis was performed with free open-source R statistical software and the rms package 18, 19 .
Source of Funding
This project was partially funded by grants from the National Institutes of Health/National Institute of Arthritis and Musculoskeletal and Skin Diseases (5K23 AR052392 and 5R01 AR053684). This project was partially supported by the Clinical & Translational Science Awards (award number UL1TR000445) from the National Center for Advancing Translational Sciences. The project was also supported by the Vanderbilt Sports Medicine Research Fund, which received unrestricted educational gifts from Smith & Nephew Endoscopy and DonJoy Orthopaedics. Funds were used to pay for salaries, core biostatistical support, subject remuneration, and study supplies.
Results
Study Population
F rom January 1, 2002, to December 31, 2004 , 1512 subjects met the inclusion criteria of having a unilateral ACL reconstruction and are included in our analyses; see the flow diagram for exclusion criteria (Fig. 1) . Of the initial 1512 subjects, at least one repeat questionnaire was obtained from 1411 subjects (93%). Two-year follow-up was obtained for 1308 subjects (87%), and six-year follow-up was obtained for Normative-based scoring of the SF-36 profile. t0 = baseline, t2 = two-year follow-up, and t6 = six-year follow-up.
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1307 subjects (86%). The median age of the cohort was twentythree years (interquartile range [IQR], seventeen to thirty-five years), and the cohort was 44% female.
Study End Points
The mean subscale scores as well as the PCS and MCS scores at baseline and two and six years are presented in Figure 2 . The mean scores were 41.9 points for the PCS and 51.7 points for the MCS at baseline, 53.6 points for the PCS and 52.0 points for the MCS at two years, and 54.0 points for the PCS and 52.4 points for the MCS at six years. The mean utility gained at six years was 5.3 QALYs. Multivariable analysis was used to determine which baseline variables measured at the time of index ACL surgery were significant predictors of health-related quality of life at two and six years after surgery. We summarized the results of the ten models by including two plots, one for the physical domain models and the PCS (Fig. 3) and one for the mental domain models and the MCS (Fig. 4) . The plots show the independent variables on the vertical axis, and the relative portion of the variation in the outcome accounted for by the given variable on the horizontal axis. This importance is measured by Wald chi-square statistics minus the degrees of freedom. The subscale measured at the time of surgery tended to be the most important variable in predicting the corresponding subscale measured at subsequent times. The different domain scores showed consistency in the ranking of the importance of the independent variables. Hence, results are presented for the two summary scores and not for all subscale scores.
PCS
The following variables were significant predictors of higher scores: a higher baseline PCS (IQR odds ratio [the change in log odds from the twenty-fifth to the seventy-fifth percentile for The following variables were significant predictors of lower scores: shorter follow-up time since surgery (IQR odds ratio, 0. A nomogram, which can be used to estimate the mean response for individual patients and to show the relationship Relative proportion of variance accounted for by each term, combined across physical domains. LTP = lateral tibial plateau, MFC = medial femoral condyle, ACLR = ACL reconstruction, LFC = lateral femoral condyle, MTP = medial tibial plateau, and df = degrees of freedom.
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among the different predictor variables and how this affects the predicted PCS score, is shown in the Appendix.
MCS
The significant predictors of a higher MCS were a higher baseline MCS (IQR odds ratio, 
Discussion
T his study produced several interesting findings that merit further discussion. First, this study showed that the SF-36 is responsive to ACL reconstruction. Next, although no significant changes were observed in the MCS in this relatively young and healthy cohort, large improvements were noted in the PCS at two years and were maintained at six years (effect size of 1.2 at two and six years), demonstrating the durability of the improvement after ACL reconstruction. Specific factors were identified as significant predictors of PCS scores and MCS scores. Our data demonstrated gained QALYs after ACL reconstruction and this gain was clinically important. Lastly, our data exposed some perplexing relationships between concomitant meniscal surgery and SF-36 outcomes after ACL reconstruction.
Our study demonstrated that ACL reconstruction resulted in large improvements in the PCS, with a mean improvement of 12 points at both the two-year and six-year follow-ups. It was encouraging to see maintenance of improved physical scores up to six years after surgery, which demonstrates intermediate-term durability. Baseline activity level as measured with use of the Marx scale was a significant predictor of MCS scores but not PCS scores in the current study. To our knowledge, comparative literature has been limited. Eitzen et al. found lower bodily pain subscores at two years in subjects with concomitant ACL reconstruction and meniscal injuries requiring treatment, but subjects who had meniscal injuries requiring repair were excluded from that study 20 . Månsson et al. examined baseline predictors of health-related quality of life using the SF-36 at three to six years following ACL reconstruction and found that the pre-injury activity level was a predictor of two of the SF-36 subscales 21 . Specifically, a higher baseline Tegner activity level was associated with higher general health scores and lower role emotional scores, whereas we did not find activity level to predict outcome. This discrepancy may be due to the different activity scales (Marx compared with Tegner) used in the two studies.
In contrast to the physical score changes after ACL reconstruction, the MCS and the general health subscale were Relative proportion of variance accounted for by each term, combined across mental domains. MFC = medial femoral condyle, LTP = lateral tibial plateau, LFC = lateral femoral condyle, MTP = medial tibial plateau, ACLR = ACL reconstruction, and df = degrees of freedom.
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both well above the population norm of 50 points at baseline and did not change dramatically over time (Fig. 2) . The subjects also reported baseline mental health and vitality subscale scores above the population norm of 50 points (Fig. 2) . This reflects the relatively young and healthy patient cohort studied. Consistent with our data, Busija et al. found the SF-36 to be a useful metric for measuring group changes over time for several orthopaedic procedures, including ACL reconstruction, and noted that there had been very little change in the general health subscale over the two-year follow-up period 22 . However, others have noted that the baseline subscale scores, excluding general health, have been below population norms prior to ACL reconstruction 22, 23 . Although subjects in the current study had baseline general health, vitality, and mental health subscale scores above the population norm of 50 points, the other five subscale scores were below the norm prior to surgery.
The QALY findings are intriguing and novel for ACL reconstruction. One QALY represents one year of perfect health. Six months of perfect health, or one year of health that is considered to be half as good as perfect health, corresponds to 0.5 QALY.
The mean utility gained at six years in the current study was 5.3 QALYs. To our knowledge, five authors have previously reported on QALYs gained following ACL reconstruction, and these have ranged from 0.78 to 5.1 [24] [25] [26] [27] [28] . QALYs have been reported following other surgical procedures as well. Vitale et al. found that the mean QALYs gained at one year following rotator cuff repair were 0.81 using the Health Utility Index and 3.43 using the European Quality-of-Life measure 29 . Räsänen et al. found that the mean QALYs gained at one year were 1.3 for primary total hip arthroplasty, 0.2 for revision total hip arthroplasty, and 0.6 for primary total knee arthroplasty 30 . Al-Ruzzeh et al. found that the mean QALY gained at six months following coronary artery bypass surgery was 0.3 31 . Thus, the gain in QALYs after ACL reconstruction exceeds other procedures renowned for improving quality of life. It appears that health-care expenditures on ACL reconstruction are clearly justified by these findings.
The outcomes relative to meniscal treatment in the setting of ACL reconstruction are perplexing. However, in the current cohort of more than 1400 ACL reconstruction cases, meniscal treatment is not easily dismissed. Our data demonstrated that having >50% of the lateral meniscus excised was associated with higher outcome scores. This may be the most difficult finding to explain. With an ACL tear, the knee pivots and the anterolateral aspect of the distal part of the femur contacts the posterior aspect of the lateral tibial plateau. In some cases, this can be quite traumatic and can result in subclinical impaction fractures noted as bone bruising on magnetic resonance imaging. Lateral meniscal tears are commonly seen at the time of acute ACL injury, and this is thought to be due to the meniscus being trapped or crushed during these pivoting events. In the MOON cohort, lateral meniscal tears were not found in 49% of ACL reconstruction cases. One could theorize that the meniscus is not normal (despite the absence of a tear), or is covertly damaged, in those cases in which resection did not occur, resulting in lower outcomes. The relationship between meniscectomy and meniscal repair after ACL reconstruction is compelling enough that it warrants further investigation. Our data would suggest that current meniscal tear treatments and algorithms need to be closely examined and to be investigated further. We do not advocate resection of a normalappearing meniscus. These intermediate-term data also cannot speak to possible long-term outcomes relative to meniscuspreserving compared with meniscus-removing surgery in the setting of ACL reconstruction. Leaving some lateral meniscal tears untreated was associated with improved PCS scores, consistent with previous studies 9, 32 . This study had several limitations. The SF-36 is a general health measure and may not be as responsive to ACL reconstruction as joint and condition-specific measures. These knee and disease-specific data were collected but were beyond the scope of the current study, in which impact on general health was the focus. It is possible that other potential influential variables were not included in our analysis efforts despite our attempt to use an exhaustive list of potential variables. To our knowledge, there has been limited information in the orthopaedic literature regarding QALYs, and thus the relative importance of the QALYs gained after ACL reconstruction is difficult to relate in the context of other procedures. Lastly, the findings related to meniscal treatment are perplexing. It is possible that these findings do not reflect reality. However, intensive scrutiny and the use of a very large cohort size suggest that there is merit to further investigating the role of meniscal treatment on outcome in the setting of ACL reconstruction.
In summary, ACL reconstruction results in a large improvement in the SF-36 PCS at two years and is durable to a minimum of six years. The QALYs gained after ACL reconstruction are substantial relative to other successful operations where this has been explored, suggesting that ACL reconstruction utilization is appropriate. Lastly, interesting relationships appear to exist between the treatment of meniscal pathological conditions during concomitant ACL reconstruction and the ultimate outcome assessed using SF-36 measures, which may be explained by patient characteristic confounders.
